Background: Epilepsy is often complicated by depression requiring antidepressant treatment. Such treatment might be proconvulsive. Objective: To examine the effects of the noradrenergic and specific serotonergic antidepressant mirtazapine on motor cortex excitability in epilepsy patients with depression and in healthy controls, using transcranial magnetic stimulation (TMS). Methods: Seven clinically depressed epilepsy patients treated with anticonvulsant drugs and six healthy volunteers were studied. Before intake of mirtazapine and 24 hours afterwards (and also three weeks afterwards in the patients), the active and resting motor threshold (AMT, RMT), the size of the motor evoked potential (MEP), the cortical silent period (SP), and intracortical inhibition/facilitation and intracortical facilitatory I wave interactions were determined using single and paired pulse TMS. Results: At baseline, AMT and RMT were higher (p = 0.049 and p = 0.04, respectively) and the ratio SP duration/MEP area greater in patients (p = 0.041). In patients but not in healthy subjects AMT was lower 24 hours after intake of mirtazapine (p = 0.028). Mirtazapine had no significant effect on the MEP size, duration of the SP, or the ratio of SP duration to MEP size in patients. The duration of the SP was longer (p = 0.037) but the ratio of SP duration to MEP size remained similar in healthy subjects after mirtazapine. There were no significant differences in paired pulse measures between the two groups either at baseline or after mirtazapine. Conclusions: Mirtazapine increased neuronal excitability of pyramidal tract axons in an activated state in both healthy controls and epilepsy patients with major depression.
I
n epilepsy, an increase in cortical excitability or an imbalance between inhibition and excitation of neurones presumably causes seizures. Antiepileptic drugs are known to reduce motor cortex excitability as determined by transcranial magnetic stimulation (TMS), a non-invasive tool to measure the excitability of motor cortical areas. 1 2 For instance, antiepileptic drugs that block sodium channel dependent action potentials (for example, phenytoin, carbamazepine, topiramate, or lamotrigine) increase motor thresholds, [3] [4] [5] and GABA-ergic anticonvulsants (such as lorazepam) decrease the tone of intracortical facilitatory neurones. 3 6 Epilepsy is often complicated by depression which requires treatment with antidepressant drugs. 7 8 Such treatment generally raises concern over provoking seizures or increasing the frequency and duration of seizures, as some antidepressant drugs-particularly tricyclics-are potentially proconvulsive. 7 9 This may also include pure noradrenaline reuptake inhibitors (reboxetine, for example, has been found to increase cortical excitability in healthy individuals 10 ). In contrast, selective serotonin reuptake inhibitors (SSRI) have little or no proconvulsive potential. 11 For instance, following a single oral dose of sertraline, intracortical facilitation was reduced in healthy subjects. 12 Given a potential proconvulsive action of noradrenaline reuptake inhibitors on the one hand and the apparent safety of SSRIs on the other, the question arises as to which way a drug with both noradrenergic and specific serotonergic properties-for example, mirtazapine-would affect motor excitability. An advantage of mirtazapine is that it interferes little with the metabolism of other drugs such as anticonvulsants. 13 As an antagonist at central presynaptic a2 adrenergic autoreceptors, mirtazapine increases the release of noradrenaline. By blocking a2 heteroreceptors on serotonergic neurones it prevents the inhibitory action of noradrenaline on serotonin release. 13 Although its mode of action is well defined the effects of mirtazapine on motor cortical excitability have not been studied in human subjects. This is important because, as discussed above, antidepressants may increase cortical excitability and, in turn, propagate seizures in patients with epilepsy. In this study we examined the effects of mirtazapine using TMS.
The consequences of altered serotonergic and noradrenergic transmission seem to depend on the state of neuronal networks-for example, the level of cortical excitability. 14 Thus it is possible that healthy subjects may respond differently to mirtazapine than epilepsy patients treated with anticonvulsant drugs. We therefore compared the effect of mirtazapine on healthy subjects with the effect on depressed epilepsy patients receiving anticonvulsant drug treatment.
To determine effects of mirtazapine on membrane related neuronal excitability we measured resting and active motor thresholds (RMT and AMT, respectively). As a measure of the activity of GABA-ergic transmission we also determined the cortical silent period (SP), intracortical inhibition and facilitation (ICI/ICF), and intracortical facilitatory I wave (indirect wave) interactions using paired pulse paradigms. 15 16 The silent period reflects inhibitory mechanisms operating both at the spinal and the cortical level. Whereas spinal mechanisms prevail during the first 50 ms or so, cortical mechanisms predominate later. [17] [18] [19] These later parts reflect the effectiveness of long lasting cortical inhibition modulated by GABA-B. 20 21 Intracortical inhibition at short interstimulus intervals (ISI) (2-5 ms) is mainly modulated by GABA-A receptors, 22 whereas intracortical facilitation is controlled by GABA-A and NMDA receptors. [23] [24] [25] The term ''I wave'' refers to multiple corticospinal volleys following the initial D (direct) wave after electrical motor cortex surface stimulation according to the hypothesis that the D wave originates from direct and the I wave from indirect (trans-synaptic) activation of corticospinal neurones. 26 These I waves are suppressed by GABA enhancing drugs. 27 
METHODS

Subjects and patients
Six healthy right handed volunteers served as controls (four men, two women; mean age 39 years, range 36 to 58), while seven patients with primary epilepsy and major depression (two men, five women; mean age 43.6 years, range 31 to 61) were recruited from the epilepsy clinic at the National Hospital for Neurology and Neurosurgery, Queen Square, London, as the index cases. There were no sex or age differences between the patients and the healthy subjects. All epilepsy patients were taking at least one antiepileptic drug. The characteristics of the patients are given in table 1. All participants gave their informed written consent before participation. The local ethics committee approved the study protocol.
Study design
At study entry patients had a full psychiatric evaluation including a structured clinical interview for a DSM-IV diagnosis of depression 28 and they completed the Beck depression inventory (BDI). 29 All patients met the DSM-IV criteria for current major depression and had a BDI score of more than 18.
Mirtazapine is absorbed rapidly and well after oral administration, reaching peak plasma concentrations within about two hours. The mean half life is approximately 20 to 40 hours, with a pharmacologically antidepressive active metabolite, justifying once a day dosing. 30 Thus all subjects received a single 30 mg dose of mirtazapine after baseline TMS measurements and were studied again 24 hours later. Patients but not healthy subjects continued to take 30 mg of mirtazapine once daily and were investigated again three weeks later. At that time, patients completed the BDI again, and as a measure of compliance plasma concentrations of mirtazapine were determined in the patients at the Organon Laboratories in Cologne (Germany).
For the duration of the study anticonvulsant drug treatment remained unchanged. Patients or their carers documented the occurrence of seizures for three weeks before and three weeks after the first dose of mirtazapine using a seizure diary, and recorded any adverse events of TMS or treatment with mirtazapine.
Transcranial magnetic stimulation
For TMS measurements subjects were seated in a comfortable armchair. The right arm was supported by a pillow to allow complete relaxation. Subjects were instructed to relax but to keep their eyes open and fixate a visual target directly in front of them. Surface electromyograms (EMG) were recorded with silver/silver chloride disc electrodes placed in a differential pair over the right first dorsal interosseous (FDI) muscle, using a belly-tendon montage. The earth (ground) was placed at the wrist. The EMG signals were amplified, analogue filtered (32 Hz to 1 kHz; Toennies amplifier), and acquired at a sampling rate of 5 kHz. Data were stored on a personal computer for off-line analysis (Signal Software, Cambridge Electronic Design (CED), Cambridge, UK). EMG activity was monitored continuously during the experiments using an oscilloscope and loudspeakers for visual and auditory feedback. Trials where the target muscle was not relaxed were excluded from the analysis because voluntary contraction of the target muscle has profound effects on intracortical excitability. 31 Peak to peak amplitude of motor evoked potentials (MEP), the area under the curve of the MEP, and the silent period duration were measured with in-house software.
Magnetic stimuli were given with a hand held figure of eight shaped coil with an outer winding diameter of 70 mm (Magstim Co, Whitland, Dyfed, UK) connected through a bistim module to two high power Magstim 200 magnetic stimulators (Magstim Co). The magnetic stimulus had a nearly monophasic pulse configuration with a rise time of about 100 ms, decaying back to zero over about 0.8 ms. The coil was placed tangentially to the scalp with the handle pointing backwards and laterally at a 45˚angle away from the midline, approximately perpendicular to the line of the central sulcus, inducing a posterior-anterior electrical current flow in the brain. This orientation was chosen on the basis that the lowest motor threshold is achieved when the induced electrical current in the brain flows approximately perpendicular to the line of the central sulcus. 32 33 The coil was held by hand in relation to marks made on the scalp (see below).
The site where stimuli of slightly suprathreshold intensity consistently produced the largest motor evoked potentials (MEPs) with the steepest negative slope in right FDI muscle (referred to as the ''motor hot spot'') was marked with a red wax pen by drawing a semilunar line following the anterior bifurcation of the coil and a straight line indicating the orientation of the coil handle.
Motor thresholds
As a measure of membrane related neuronal excitability we determined RMT and AMT, expressed as a percentage of maximum stimulator output. RMT was defined as the stimulus intensity that produces an MEP of more than 50 mV in five of 10 consecutive trials in the relaxed FDI. AMT was defined as the lowest stimulus intensity at which MEPs of 150 mV amplitude were elicited in the tonically contracting FDI muscle in five of 10 consecutive trials.
Cortical silent period
The duration of the cortical silent period was determined during approximately 50% of maximum isometric voluntary contraction of the right FDI muscle, which was monitored using acoustic feedback through a loudspeaker and visually on an oscilloscope. Ten single suprathreshold TMS pulses with an intensity of 150% of AMT were applied. The SP was measured from the onset of the MEP to the resumption of continuous EMG activity. The size of the corresponding MEP (that is, the area under the curve) was measured, and a ratio of SP duration to MEP area calculated for each individual trial as previously described. 34 Intracortical inhibition and facilitation ICI and ICF were evaluated using paired magnetic pulses as described by Kujirai et al. 15 The second (test) stimulus was set at an intensity that, when it was given alone, evoked an EMG response of approximately 0.5 to 1.0 mV peak to peak amplitude. As we were interested in changes in intracortical excitability we set the intensity of the first (conditioning) stimulus to a relatively low value of 80% AMT to avoid floor or ceiling effects. We used the following nine different interstimulus intervals (ISI): 2, 3, 4, 5, 6, 7, 10, 15, and 20 ms. These 10 conditions (test pulse given alone and nine conditioned pulses at different ISIs) were applied in three blocks of 50 trials with an interval of five seconds between trials. In each block the control condition (test pulse given alone) was tested 20 times and three of the conditioning test stimuli 10 times. The order of the conditions was randomised. The mean peak to peak amplitude of the conditioned MEP, at each ISI, was expressed as a percentage of the mean peak to peak amplitude of the unconditioned test pulse. In our statistical analysis (see below) we averaged adjacent time points over the period of inhibition at 2, 3, and 4 ms ISI, over the period of facilitation at 10, 15, and 20 ms ISI, and for the intermediate ISIs of 5, 6 , and 7 ms to increase the power of our analysis. Thus the factor ISI had three levels.
Intracortical facilitatory I wave interaction
I waves were studied as described by Ziemann et al, 16 27 using a slightly modified protocol where the intensity of the first stimulus (S1) was set at 110% RMT and that of the second stimulus (S2) at 105% RMT. Previous studies have shown that the conditioned MEPs elicited by S1 plus S2 are larger than those produced by S1 alone at ISIs of around 1.5, 2.7, and 4.2 ms. Here we focused on the first and second of these peaks and thus tested ISIs from 1.0 to 3.4 ms in 0.2 ms steps ( = 12 ISIs). The 14 conditions (S1 and S2 given alone and 12 conditioned pulses at different ISIs) were applied in four blocks of 50 trials with an interval of five seconds between trials. In each block S1, S2, and three conditioned pulses were tested 10 times. The order of the conditions was randomised. The mean peak to peak amplitude of the conditioned MEP, at each ISI, was expressed as a percentage of the mean peak to peak amplitude of the sum of S1 and S2. The three adjacent ISIs resulting in the maximum sum of MEP values were identified for each of the two MEP peaks and averaged. 
Statistical analyses
Subjects' characteristics (sex and age) and baseline measurements between healthy subjects and patients were compared using X 2 and Student's t tests. In healthy subjects baseline and post-mirtazapine AMT, RMT, MEP amplitudes at rest (unconditioned control MEPs during measurements of ICI and ICF), the area of the MEP preceding the SP, the duration of the SP, and the ratio of SP duration to MEP area were compared using paired samples t tests. In patients we compared measurements at baseline, on day 1, and at three weeks using a one way repeated measures analysis of variance (ANOVA) with time as within-subjects factor. For post hoc comparisons between baseline measurements and those after intake of mirtazapine on day 1 and at three weeks paired samples t tests were used. Next, to examine whether the effects of mirtazapine on AMT, MEP area preceding the SP, and the duration of the SP differed between controls and patients, two factor repeated measures ANOVAs with the factors subjects and time (two levels: before and one day after intake of mirtazapine) were carried out. Two factor repeated measures ANOVAs with the factors subject and ISI (three levels) or peak (two levels) were done to compare baseline ICI/ICF and I wave curves between groups. Additional two factor repeated measures ANOVAs with the factors time (three levels in patients and two levels in healthy subjects) and ISI (three levels) or peak (two levels) examined the effects of mirtazapine on ICI/ICF and I wave interaction, respectively.
Mauchley's test examined sphericity of the data. The Greenhouse-Geisser correction was used to correct for nonsphericity. Conditional on a significant F value, post-hoc paired samples t tests were carried out.
To test whether mirtazapine had an antidepressant effect in patients we compared BDI scores at baseline with scores at three weeks using the Wilcoxon signed rank test. To determine whether there was a correlation between changes in AMT and changes in BDI score we used Spearman's rank correlation coefficient.
For all statistical analyses a probability (p) value of ,0.05 was considered significant.
RESULTS
Clinical effects, adverse effects, and compliance None of the subjects reported adverse effects after TMS. According to the patients' seizure diaries there was no increase in seizure frequency, duration, or severity during the study period. All patients and five of the six healthy subjects reported mild to moderate sedation, mild dizziness, and a dry mouth, starting a few hours after the mirtazapine dose and lasting for up to 48 hours. Sedation resolved within another five to 10 days in most patients. No other side effects were reported during the study period. Clinical assessment did not reveal a major antidepressant effect of mirtazapine and there was no major change in the mean (SD) BDI score: 56.8 (5.9) at baseline and 55.4 (4.1) at three weeks; z = 20.85, p = 0.39; Wilcoxon signed rank test.
Further follow up (for 25 (15.4) weeks) showed that four of the seven patients stopped mirtazapine after a mean of 7.5 (4.7) weeks because of lack of efficacy (n = 3), persisting unacceptable sedation (n = 1), or weight gain (n = 1). None of these four patients reported an increase in seizure frequency during that time. The remaining three patients remained on mirtazapine for a further 36.7 (13.6) weeks. In these patients there was a mild improvement in depression on clinical grounds but no change in seizure frequency during the time of follow up.
Mirtazapine was detected in the blood of all patients at three weeks. Thus all patients were considered compliant. Mirtazapine blood levels varied considerably (1.89 to 34.0 ng/ ml; mean (SEM) value 13.09 (5.04) ng/ml). This can be explained by the variable interval between drug intake and the times when the blood samples were taken (between 10 and 24 hours), as plasma concentrations of mirtazapine are inversely related to the time after the last dose (for discussion see Timmer et al 35 ) .
Motor thresholds and MEP size At baseline both AMT and RMT were significantly higher in the epilepsy patients than in the healthy controls (T (11) 1) . Post-hoc paired samples t tests (comparisons of baseline AMT with AMT on day 1 and at three weeks) showed that AMT was significantly lower on day 1 compared with baseline measurements (T(6) = 2.5; p = 0.044). AMTs were still lower at three weeks, but this was no longer significant. Despite the fall in AMT in patients associated with mirtazapine, on day 1 AMT and RMT were still higher in epilepsy patients than in the healthy subjects, but this difference was no longer significant. We went on to test the effect of mirtazapine on thresholds in a repeated measures ANOVA model that included both healthy controls and patients at baseline and on day 1. The results confirm that mirtazapine was associated with a fall in AMT in patients but not controls (interaction of subjects6time; F(1,11) = 5.2; p = 0.04). There was no correlation between AMT and BDI scores at baseline or between changes of AMT and changes of BDI scores. Mean baseline MEP size at rest was smaller, though nonsignificantly so, in patients than in the healthy subjects, at 0.63 (0.6) v 0.96 (0.6) mV. There was no significant effect of mirtazapine on mean MEP amplitudes at rest in either group.
Cortical silent period
At baseline, the average duration of the SP was longer, although not significantly so, in epilepsy patients (table 2) . There was no baseline difference of MEP area between groups. However, the ratio of SP duration to MEP area was significantly greater in epilepsy patients (T(10) = 2.4; p = 0.041, Student's t test). In healthy subjects the duration of the SP after mirtazapine was significantly longer than at baseline (T(4) = 23; p = 0.037). MEP area also increased, with a trend on statistical testing (T(4) = 22.3; p = 0.076). The ratio of SP duration/MEP area remained similar (table 2) . Treatment with mirtazapine had no significant effect on the duration of the SP in patients. The MEP area increased, but the increase was not significant. The ratio of SP duration to MEP area remained unchanged (table 2) . Two factor repeated measures ANOVA confirmed that there were no differential effects of mirtazapine on these variables in the two groups (no interaction of time6subjects).
Paired pulse TMS measurements
Baseline ICI/ICF curves of patients and healthy subjects were similar and they remained similar over time (two factor repeated measures ANOVA with the factors subject and ISI; fig 2) .
The effects of mirtazapine on I wave interaction are shown in fig 3. As outlined in Methods we averaged the three adjacent ISIs, resulting in the maximum sum of MEP values. The comparison of the conditioned MEP amplitudes at ISIs of 1.4, 1.6, and 1.8 ms (peak 1) and 2.8, 3.0, and 3.2 ms (peak 2) showed no significant difference between the two groups at baseline. Mirtazapine had no effect on I wave interaction in either group.
Plasma concentrations of mirtazapine were not correlated with TMS measurements of cortical excitability because the correlation between plasma mirtazapine and the CNS effects of mirtazapine is unclear.
DISCUSSION
This study confirms previous reports showing that epilepsy patients on anticonvulsant drugs have higher active and resting motor thresholds than controls. 36 37 Moreover, the ratio of silent period duration to MEP area was significantly larger in patients, suggesting that the inhibitory mechanisms underlying the silent period are activated by a TMS pulse out of proportion to the size of the preceding MEP. This means that the motor cortex of these patients was less excitable than the motor cortex of controls.
We went on to examine the neurophysiological effects of mirtazapine on motor cortical excitability in these patients and in the healthy controls. In the healthy controls mirtazapine led to an increase in the duration of the cortical silent period. This could suggest that in the healthy motor cortex mirtazapine enhances inhibition within the inhibitory circuits that underlie the cortical silent period. However, the MEP size preceding the silent period (that is, the MEP area under preactivation elicited with a TMS pulse of 150% AMT) increased relative to the silent period. MEP size and silent period duration are strongly correlated. 34 As the pyramidal tract neurones may give off recurrent inhibitory collaterals, 38 this suggests that the neural elements responsible for the MEP size under preactivation and silent period duration are linked. We therefore think that the increase in silent period duration in healthy subjects is a consequence of the increase in MEP size. In fact, the ratio of silent period duration to MEP area was unchanged. Taken together, the data in healthy control subjects indicate that mirtazapine increases the excitability of axons of pyramidal tract neurones during voluntary contraction.
The duration of the silent period has been found to be unchanged by sertraline, a selective 5-HT reuptake inhibitor, 12 or zolmitriptan, a 5-HT 1B/1D receptor agonist, 39 in healthy subjects. However, the relation of MEP size and silent period duration was not determined in those studies, so a direct comparison is not possible. Effects of noradrenaline enhancing drugs on the silent period have not been studied previously.
In patients, mirtazapine treatment was associated with a fall in AMT and, as in the controls, a non-significant increase in the MEP size preceding the silent period, but it did not change silent period duration or the ratio of silent period duration to MEP area. This suggests that in both healthy controls and epilepsy patients with major depression, mirtazapine increases neuronal excitability of pyramidal tract axons in an activated state. This could reflect either the noradrenaline enhancing properties of the drug or the serotonin enhancing properties, or a combination of both. A noradrenergic effect would be in accordance with a previous TMS study where a single dose of the antidepressant reboxetine, a selective noradrenaline reuptake inhibitor, lowered RMT in a group of healthy subjects. 10 However, as threshold values were not provided in that study, a direct comparison with our study is not possible. In another study, reboxetine did not alter AMT in a group of healthy subjects whose AMT were very similar to those in our control group (35.8% stimulator output v 34.8%). 40 However, reboxetine and yohimbine, a presynaptic a2 antagonist, produced an increase in ICF in healthy subjects. 10 40 41 This confirms that noradrenaline can have excitability enhancing effects in the human motor cortex. On the other hand, it has been shown that the 5-HT reuptake inhibitor sertraline diminishes ICF. 12 Apparently, serotonin and noradrenaline have opposite actions on facilitatory interneurones in the human motor cortex. As mirtazapine has both noradrenaline and 5-HT enhancing actions, these effects may balance each other. This could be the reason why ICF was not altered after mirtazapine in our study. ICI and ICF were also not significantly different between groups at baseline. At first sight this may appear surprising, as previous TMS studies have shown that the GABA-ergic anticonvulsants-for example, lorazepam, gabapentin, and vigabatrin-that some of our patients were taking can lead to a decrease in ICF. 3 6 However, there are methodological differences between previous studies and the present experiments that have to be taken into account. We used a conditioning pulse with a relatively low intensity of 80% AMT, whereas in the studies cited above the conditioning pulse had a strength of 95% AMT. 3 6 As conditioning stimuli with an intensity of 80% AMT produce similar intracortical inhibition but less intracortical facilitation of the test pulse than those with an intensity of 95% AMT, 15 the lack of a reduction in ICF in our epilepsy patients might be explained by a floor effect. There was no significant group difference of the facilitatory interaction of I waves at baseline. I wave peaks were unaffected by mirtazapine.
The differential effect in controls and patients (a fall of AMT in patients, an increase in silent period duration in controls) may reflect floor (AMT in controls) or ceiling effects (maximum silent period duration in patients). For instance, the duration of the silent period can be increased by GABA-B receptor activation. 20 21 The GABA-B receptor dependent inhibitory postsynaptic potential peaks at 150 to 200 ms. 42 This could explain why increases in the silent period duration were only present in healthy subjects in whom baseline duration was about 100 ms but not in epilepsy patients where the duration at baseline was in the range of 150 ms.
A pharmacological interaction of mirtazapine with anticonvulsants is less likely as an explanation for the effects we observed in our epilepsy patients. Mirtazapine is degraded in human liver microsomes, where cytochrome P450 is involved in the formation of 8-hydroxy metabolites. It is a weak competitive inhibitor of several cytochome P450 isoenzymes (CYP 1A2, CYP 2C9/19, CYP 2D6, and CYP 3A4) and a substrate of CYP 1A2 and CYP 3A, but is not considered to play a significant role at cytochrome p450 level with respect to the metabolism of coadministered drugs. 43 Had there been an interference with anticonvulsants this would most probably have resulted in an increase in plasma concentrations of anticonvulsants because of interference with their metabolism. This would presumably have further increased rather than decreased the motor thresholds.
Alternatively, premedication with sodium channel blocking anticonvulsants might have interfered with the physiological mode of action of mirtazapine. Conceivably, such premedication could have made patients susceptible to threshold effects.
Finally, one could speculate that motor threshold effects of noradrenaline and 5-HT only occur physiologically when baseline motor thresholds are increased, regardless of the underlying cause.
Taken together our data suggest that mirtazapine enhances cortical excitability in healthy controls and in epilepsy patients with depression. Our results could have clinical implications, as the increase in cortical excitability in patients with epilepsy and major depression may be associated with an increase in seizures. For the duration of our study and a short follow up period thereafter our patients did not report major changes in seizure frequency. However, both the small number of patients and the short duration of the trial limit the power of our study in this respect. Longer studies with a larger number of patients should address this question.
There was no major antidepressant effect of mirtazapine in this group of epilepsy patients during the study period, and even during a short follow up beyond. However, it was not the objective of our study to assess the antidepressant effect of mirtazapine or to correlate the electrophysiological changes with a clinical effect on depression. As the relation between motor thresholds and mood changes is controversial, [44] [45] [46] it would be interesting to examine whether the reduction in AMT in patients with epilepsy and major depression on mirtazapine is sustained over longer periods, and whether this correlates with an antidepressant effect.
